Introduction
Doppler ultrasonography has been used in obstetrics for the real time non-invasive direct measurement of the shape of the velocity waveform in the uteroplacental, fetoplacental, and fetal circulations. The association of a reduced diastolic component of the umbilical artery waveform with intrauterine fetal growth retardation has been suggested. Trudinger et al and Reuwer et al found that fetuses identified clinically and biophysically as being growth retarded invariably showed reduction, absence, or reversal of the diastolic waveform component, which was associated with a poor perinatal outcome.Ẁ e designed a study to assess the feasibility of using continuous wave Doppler ultrasonography of the umbilical artery as an antenatal screening tool for the detection of intrauterine fetal growth retardation and fetal compromise. Various indices have been used to describe the shape of the waveform in the umbilical artery,46 and the three most commonly used are shown in figure 1. These dimensionless indices describe the shape of the waveform and reflect the distal vascular impedance. All three are independent of the angle of insonation but only the pulsatility index can be used to describe waveforms with "zero diastolic" or reversed diastolic flow. As diastolic flow reduces, the resistance parameter approaches unity or a negative value and the A/B ratio approaches infinity. The pulsatility index varies from cycle to cycle owing to minor differences in heart rate, and therefore an average from more than one cycle should be obtained. When diastolic waveforms are low small changes in the measured diastolic In all, 2097 ultrasonically dated singleton pregnancies were entered into the study between 1 August 1986 and 31 July 1987 and were examined at 28, 34, and 38 weeks' gestation, as is the pattern for "shared care" patients attending our unit. The only selection criteria applied were that they should be singleton pregnancies and that mothers should have attended our hospital within seven days of their 28th gestational week. This provided a sample of 62% of the 3400 singleton pregnancies for the year, and excluded private patients, late bookings, those with altered dates who attended after 29 weeks, and late referrals from other hospitals. The attendance rate of the undelivered patients was 95% and 99% at 34 and 38 weeks' gestation, respectively.
There was no statistically significant difference between the women who were screened and those with singleton pregnancies who were not screened in the known determinants of fetal outcome such as age, parity, social class, and smoking habit. The mean age of women in the study group was 26-3 (SD 5S5) years and mean parity 1 3 (SD 1-4); 256 (12%) required caesarean sections and 170 (8%) required instrumental or operative intervention for fetal distress.
Ethical approval-for the study was granted by the Queen's University of Belfast ethics committee. All patients with confirmed singleton pregnancies were first approached by their midwives or obstetricians at the booking visit. The outline of the study was explained verbally and a written note of explanation given. They were invited to join the study, and if they consented their antenatal chart was marked for ease of identification. Further At delivery the midwife or obstetrician took a blood sample from the umbilical artery after double clamping the cord and measured the pH on a blood gas analyser (Instrumentation Laboratory 1312); the packed cell volume was determined using a standard centrifuge.
On the day after delivery skinfold measurements were taken as the average of two readings from the left subscapular sites and triceps with a pair of Harpenden skinfold calipers, which can be read to 0 1 mm. These were left on the skin for 30 seconds or until the reading had stabilised. The mid-arm circumference was taken as the average of two measurements from the left side of the body, measured to the nearest 3 mm.
The details of the course and outcome of the pregnancy were entered into a data file on the microcomputer that contained no information about Doppler studies on the patients; this file was linked to the results of Doppler studies by the antenatal number of each patient. The files were combined and analysed with the statistical package for the social sciences, extended version (SPSS X).
Results
The frequency distributions of the three Doppler indices were positively skewed at 28, 34, and 38 weeks, and this was not corrected by logarithmic transformation. At 28 weeks the pulsatility index showed a bimodal distribution with the smaller mode comprising about 15% of all cases." This pattern was not found at 34 and 38 weeks. As expected all three indices of distal vascular impedence reduced with increasing gestational age, implying falling placental impedance,'3 although there were six cases with a zero diastolic waveform component.
In view of the frequency distribution and the influence of gestational age, graphs for pulsatility index, A/B ratio, and resistance parameter at specific ages were constructed. A value >90th centile for gestational age was defined as abnormal, and parametric range definitions were derived for comparison with other studies (table I) . The sensitivity, specificity, and positive and negative predictive values of the pulsatility index, A/B ratio, and resistance parameter in identifying the fetuses with a subsequent birth weight <5th centile for gestational age were determined (table II). All three indices were significantly related to the birth weight of the fetus in relation to the 5th centile for gestational age (p<OO5). The most sensitive index was the A/B ratio, although a sensitivity of only 31% was achieved at 28 weeks and 40% at 34 weeks. When any of the three results were abnormal the sensitivity remained low (43%); 17% to 19% of the population was identified as being at risk.
Curves for receiver operating characteristics were produced for all waveform indices at all three gestational ages. Figure 2 shows the relation between the sensitivity and specificity of the best single index, the A/B ratio at 34 weeks. Selecting threshold values lower than the 90th centile to define an abnormal waveform index resulted in improved sensitivity but at considerable loss of specificity.
BMJ VOLUME 298 A ponderal index (birth weight (g) x 100/crown-heel length (cm)3) <2-32 has been defined as representing a malnourished neonate.'4 In our series, the X2 test failed to reach significance for any of the indices of nutrition. Scatterplots for ponderal index, ratio of mid-arm circumference to head circumference, and subscapular skinfold thickness showed the poor ability of umbilical artery waveform analysis to identify fetuses that subsequently showed morphometric evidence of intrauterine growth retardation. This is illustrated in figure  3 for The association between major fetal anomalies and abnormal fetoplacental waveforms has been documented, and it is not surprising that the neonate in our study with a congenital cardiovascular defect (Fallot's tetralogy) had abnormal Doppler results before birth. In all three unexplained stillbirths abnormal waveforms were the only risk factor identified, although the time interval between the abnormal Doppler result and fetal death varied from six days to six weeks. About 200 other fetuses (10% of the study population) were also identified in this way as being at risk but had a normal outcome.
ZERO DIASTOLIC COMPONENT
With the Doptek 9000 analyser and a 200 Hz filter, six results showed an absent diastolic waveform component at 28 weeks. In three cases the waveform indices reverted to normal and the outcome of pregnancy was normal. One fetus was small for dates and two were unexplained stillbirths.
Discussion
In recent years there has been increasing interest in Doppler ultrasound as useful in obstetric practice for diagnosing intrauterine fetal growth retardation, perinatal asphyxia, and fetal distress. To 20 weeks until delivery in parallel with our main study. Analysis of these data showed that this series could be superimposed on the results from the study group, and thus it is reasonable to use our reference ranges for the study group to cover the period from 28 to 38 weeks (table I) .
In screening for intrauterine fetal growth retardation as defined by birth weight <5th centile for gestational age the technique described was not satisfactorily sensitive. A sensitivity of only 43% was achieved for any abnormal result (>90th centile) of any of the indices (pulsatility index, A/B ratio, resistance parameter) at any of the gestational ages studied (28, 34, and 38 weeks) to identify a fetus with intrauterine fetal growth retardation. This is unacceptably low for a condition affecting only 5% of fetuses if over half are not identified. Sensitivity improved when percentile thresholds for an abnormal waveform were lowered but specificity decreased appreciably; thus regardless of the cut off point or index chosen the technique is unsuitable for detection of intrauterine fetal growth retardation.
For intrauterine fetal growth retardation defined as birth weight <10th centile and with the same three waveform indices, Mulders et al found the screening technique applied at 34 weeks' gestation to be of no more value in detecting growth retardation than physical examination combined with ultrasonography (sensitivity 53%, specificity 88% for pulsatility index < I 1 and A/B ratio <3 0).7 Fleischer et als5 reported better results for the same definition of intrauterine fetal growth retardation when an abnormal A/B ratio was used (sensitivity 78%, specificity 83%). Intrauterine fetal growth retardation is, however, an imprecise multifactorial condition and does not necessarily imply diminished fetoplacental circulation; it lacks a universally accepted definition and may be difficult to detect even in the neonate; thus other indices of neonatal nutritional state have been developed. None of those used in this study (ponderal index, ratio of mid-arm circumference to head circumference, and skinfold thickness) correlated well with the abnormal Doppler results obtained, suggesting that the screening technique described cannot adequately detect fetal malnutrition.
At 28 weeks' gestation a subgroup of fetuses showed a basic difference in fetoplacental haemodynamics that was reflected in an elevated umbilical artery pulsatility index. This has not been recognised previously, and may be related to a transient phase of abnormality in placental development.
Blood viscosity, a determinant of flow, is governed mainly by the packed cell volume, deformability of erythrocytes, total serum concentration of protein, and plasma concentration of fibrinogen. '6 In chronic fetal hypoxia there is increased fetal erythropoiesis" with an increase in the larger immature erythrocytes, and thus high viscosity has been reported in the umbilical blood of acidotic neonates'7 and in cases of fetal growth retardation."8 Chronic fetal distress correlates well with reduced umbilical venous blood flow." If the umbilical artery Doppler technique could identify fetuses with chronic hypoxia, elevated waveform indices would have been associated with a high packed cell volume in blood from the umbilical artery; this association was not found.
The Apgar score has traditionally been used as a measure of fetal outcome, though the correlation between this subjective score and pH in the umbilical artery is poor20 and a low pH correlates better with the neurological condition of the neonate than does a low Apgar score." In this series we found a poor correlation between the last result of Doppler ultrasonography before delivery and fetal acidaemia at birth, defined as a cord pH <7-1, and there was no correlation with a 5 minute Apgar score <7.
A comparative study of the same three umbilical artery waveform indices at 34 weeks' gestation suggested that they may predict fetal distress better than intrauterine fetal growth retardation.7 Fetal distress is a complex diagnosis and is often based on a clinical decision aided by a fetal heart tracing taken during labour. In our study the range and distribution of the antenatal Doppler indices did not differ in fetuses who were subjected to operative or instrumental intervention for fetal distress compared with those not requiring any intervention. Trudinger et al suggested that the availability of umbilical artery waveform analysis is associated with improved obstetric decision making, reduced fetal distress, and improved neonatal outcome.' When it is to be used in an unselected population, we cannot concur.
The low incidence of unexplained stillbirths in our study (3/2097) suggests that their association with waveform abnormalities should not be overemphasised; a much larger trial would be required to prove the association. These results, however, suggest that there may be a primary or secondary disturbance in fetoplacental impedance in at least some of the fetuses that are currently classified as unexplained stillbirths.
Whether the fetus or the placenta determines the fetoplacental blood flow has long been debated. Some BMJ VOLUME 298 11 MARCH 1989 workers have suggested a fetal role in the causation of abnormal umbilical artery waveforms in pregnancies complicated by major congenital abnormalities. Meizner et al studied umbilical and uterine artery waveforms, using continuous wave Doppler ultrasound to derive A/B ratios, and found that 17 out of 32 cases of major congenital abnormalities had abnormal umbilical waveforms whereas only two had equivocal uterine waveforms, suggesting that a fetal mechanism was operative in over half the cases.'' Trudinger and Cook reported on 26 fetuses with major abnormalities and found that though half had abnormal umbilical artery waveforms all had normal uterine waveforms.'< They suggested that in the group with abnormal artery waveforms abnormal fetuses had triggered obliteration of small arteries in the placenta. Rochelson The pathological change that occurs in the umbilical artery waveform, thought to be the result of increased vascular impedance distal to the vessel, is a progressive reduction in the diastolic component of the waveform; in some cases it may be absent or reversed such that fetoplacental flow seems to occur only during systole. It should, however, be remembered that the popular terminology of "absent" or "zero diastolic" flow does not imply absence of flow in diastole but rather a forward or reverse flow with a frequency shifted velocity waveform of less than the frequency of the vessel wall filter for that system. It is therefore mandatory that this frequency is specified in all publications relating to these terms.
An absent diastolic waveform component from the umbilical artery has been associated with altered left ventricular function in cases of intrauterine growth retardation and multiple congenital abnormalities with high perinatal morbidity and a perinatal mortality rate of 40-42%.241 2 The loss of the normal forward diastolic component in the umbilical artery in late pregnancy has a multifactorial basis. In the trisomic fetus the histological appearance of the placenta and the associated sonogram is immature, comparable with that seen early in the second trimester. 24 Comparison with other studies is difficult as the frequency of the wall filter is often unspecified. Our results are broadly in keeping with other studies, which show a perinatal mortality of 33%, and we agree that though absence of a diastolic component may precede obvious fetal growth retardation and may identify a fetus at risk, it does not aid in timing delivery and may in fact be associated with a completelv normal outcome of pregnancy. Obstetric intervention solely on the basis of this finding is unjustified.
This study suggests that it is unhelpful to use umbilical artery Doppler ultrasonography to screen for poor fetal growth as measured in neonates by the traditional criteria as well as by ponderal index, ratio of mid-arm circumference to head circumference, and skinfold thickness. These may no't be the most relevant features of outcome. Doppler ultrasonography of umbilical artery waveforms may be of clinical use as part of a wider biophvsical profile of the fetus. It may be the answer-but to what question?
Until we more fully understand the physiological basis and relevance of these abnormal waveforms, the use of Doppler analysis of umbilical artery waveforms in clinical practice should be a tentative one. In our series only eight of 5730 Doppler studies had an absent diastolic component, a waveform pattern with very poor prognostic significance. Two of these were associated with subsequent unexplained stillbirths and one with a growth retarded fetus; the three other fetuses were appropriately grown and delivered in good condition.
Biophysical assessment of the fetus has allowed us to study fetal growth, fetal behaviour, and the fetal environment, and Doppler ultrasound is helping us study the normal and abnormal dynamic physiological state of the fetus. We concur with Neilson' 
